ABSTRACT Incursions of Japanese encephalitis (JE) virus into northern Queensland are currently monitored using sentinel pigs. However, the maintenance of these pigs is expensive, and because pigs are the major amplifying hosts of the virus, they may contribute to JE transmission. Therefore, we evaluated a mosquito-based detection system to potentially replace the sentinel pigs. Single, inactivated JE-infected Culex annulirostris Skuse and C. sitiens Wiedemann were placed into pools of uninfected mosquitoes that were housed in a MosquitoMagnet Pro (MM) trap set under wet season Þeld conditions in Cairns, Queensland for 0, 7, or 14 d. JE viral RNA was detected (cycling threshold [CT] ϭ 40) in 11/12, 10/14, and 2/5 pools containing 200, 1,000, and 5,000 mosquitoes, respectively, using a TaqMan real-time reverse transcription-polymerase chain reaction (RT-PCR). The ability to detect virus was not affected by the length of time pools were maintained under Þeld conditions, although the CT score tended to increase with Þeld exposure time. Furthermore, JE viral RNA was detected in three pools of 1,000 mosquitoes collected from Badu Island using a MM trap. These results indicated that a mosquito trap system employing self-powered traps, such as the MosquitoMagnet, and a real-time PCR system, could be used to monitor for JE in remote areas.
JAPANESE ENCEPHALITIS (JE) has emerged as an annual public health threat in northern Queensland, Australia . After an incipient outbreak on Badu Island that killed two humans in 1995 (Hanna et al. 1996) , JE virus has been detected almost annually in the Torres Strait. In 1998, a geographically widespread incursion extended onto the Australian mainland, with a human case and pig seroconversions reported at the mouth of the Mitchell River, Ϸ500 km south of the tip of Cape York Peninsula (Hanna et al. 1999) . To detect future incursions and to determine if JE virus had become enzootic on mainland Australia, sentinel pigs were deployed to monitor the virus in the Torres Strait and on Cape York Peninsula (Hanna et al. 1999) . Although the pigs successfully detected JE in 6 of 7 yr since their establishment in 1996, they are not an ideal sentinel system. The estimated cost for establishing, rearing, and monitoring a herd of Þve pigs in remote Cape York Peninsula can be as high as AUS$16,000 (Johansen et al. 2003) . Furthermore, being an amplifying host of JE, pigs pose a risk to public health if the sentinels are placed near human habitation. AQIS has listed the development of novel surveillance methods, including a mosquito trap system, as high priority research.
In northern Australia, mosquitoes currently are collected for arbovirus surveillance using CO 2 -baited light traps that must be restocked with dry ice each trapping night. The labor required for resetting the traps, along with limited access to dry ice, renders this system impractical for routine JE surveillance in remote areas on Cape York Peninsula and in the Torres Strait. However, new generation mosquito traps that combust propane to create CO 2 , heat, electricity, and water vapor can collect mosquitoes continuously for 20 Ð30 d on a single 9-kg tank of propane gas (Kline 2002) . In Þeld trials in north Queensland, comparable numbers of Culex spp. mosquitoes were collected in the propane-powered Mosquito Magnet Pro (MM) (American Biophysics, East Greenwich, RI) and the standard CDC model 512 light trap (John W. Hock Co., Gainesville, FL) (Johansen et al. 2003) .
The detection of arboviruses in mosquito pools typically relies on the isolation of virus from mosquitoes maintained at Ϫ70ЊC and sorted to species on refrigerated cold tables. Storage of mosquito collections at Ϫ70ЊC for any period of time is often not possible in remote locations, except during collecting trips of short duration. To alleviate the problems of maintaining a cold-chain, reverse transcription-polymerase chain reaction (RT-PCR)-based assays have been recently developed to detect RNA in viruses such as West Nile (WN), St. Louis encephalitis, and western equine encephalomyelitis in dead mosquitoes (Kramer et al. 2002a , b, Turell et al. 2002 . In laboratory experiments in Australia, Johansen et al. (2002) used a seminested RT-PCR to detect JE viral RNA in dead mosquitoes maintained under simulated tropical wet season weather conditions of high temperature and humidity; the virus was inactivated within 24 h under these conditions. Thymol wicks (cotton wicks saturated with the anti-fungal agent 5-methyl-2-isopropylphenol) were used to inhibit fungal growth on mosquitoes and help stabilize viral RNA. Not only could JE viral RNA be detected in mosquitoes maintained for Յ14 d, but a single infected mosquito could be detected in pools of up to 1,000 uninfected individuals. The current paper extends these preliminary observations into a Þeld study undertaken to determine if a real-time RT-PCR assay could detect JE viral RNA in infected mosquitoes stored for upto 14 d within the a MM trap deployed in the tropical city of Cairns, Australia. The results of this evaluation form an integral component of assessing and implementing a mosquito-based surveillance system to potentially replace the sentinel pig program, currently used to detect incursions of JE into northern Australia.
Materials and Methods
C. annulirostris Skuse and C. sitiens Wiedemann were obtained from colonies housed at the Australian Army Malaria Institute. Mosquitoes were exposed to JE by feeding on a blood/virus mixture containing a Þnal virus titer of 10 7.1Ϯ0.1 cell culture infectious dose (CCID) 50 /ml, using the methods described by van den CCID 50 /mosquito, respectively (van den Hurk et al. 2003) . At 14 d postvirus exposure, mosquitoes were frozen at Ϫ70ЊC and stored at 28ЊC and 75% RH for 24 h to inactivate the virus; thymol was used to inhibit fungal growth . The heads of individual mosquitoes were removed and given a unique reference number that matched the bodies used in the Þeld trial. The heads were later assayed by real-time RT-PCR to determine which mosquitoes included in the trial were infected.
Inactivated JE-infected mosquitoes were stored at Ϫ70ЊC until used. A single infected mosquito body was placed into a pool of 200, 1,000, or 5,000 dead mosquitoes (mosquitoes were freshly frozen and maintained at Ϫ20ЊC; number estimated by weight) collected within the previous 2 yr from the Cairns region; JE has never been recorded in this area. The predominant mosquitoes in the collections were Ochlerotatus vigilax (Skuse), Ochlerotatus kochi group mosquitoes, Verrallina carmenti Edwards, and Culex gelidus Theobald. Individual pools were placed in an open 100-ml plastic container with a screened opening on the bottom to allow ventilation. Up to four containers were placed into the MM net at any one time (insufÞcient mosquito numbers limited the 5,000 pool size trials to two replicates). Mosquitoes were stored within a MM trap that was operated continuously for either 7 or 14 d in Cairns. After each trial, mosquito pools were placed into individual 70-ml plastic specimen jars and posted to Public Health Virology, Queensland Health ScientiÞc Services, Brisbane, for processing. All samples, including positive and negative controls, were sent blind, with only a reference number provided for identiÞcation. Positive control pools were sent on dry ice. To remove potential viral RNA between treatments, all containers were cleaned by soaking overnight in 0.1 M NaOH (Chomezynski 1992) and thoroughly washed in soap and water.
The mosquito pools, including positive controls, were prepared individually for RNA extraction as follows: for the pools of 200 and 1,000 mosquitoes, 8 or 10 glass beads were added to 5 or 10 ml of Opti-MEM reduced serum medium (Invitrogen, Carlsbad, CA), respectively. Grinding of the pools was performed using a Mixer/Mill (Certiprep; Spex, Metuchen, NJ) for 5 min, which was followed by centrifugation at 2500 rpm (1000 ϫ g) for 5 min. The pools of 5,000 were each divided into two pools of 2,500, processed as above using 25 ml of media, and combined after grinding. This resulted in a Þnal volume of 50 ml for centrifugation.
The supernatant from each pool was Þltered through a 0.22-m Þlter (Millipore, Bedford, MA), and viral RNA was extracted from a 140-l aliquot. The extraction and JE TaqMan real-time RT-PCR procedures were performed as described previously (Pyke et al. 2001) .
Similarly, the heads of individual mosquitoes that were removed earlier and placed in separate sterile 5-ml tubes were processed as above using Þve glass beads and 1 ml of media. Grinding was performed for 1 min followed by RNA extraction and JE real-time RT-PCR.
Results and Discussion
Temperatures during the trial (30 April to 20 June 2002) were warm, with mean daily minimum and maximum temperatures of 18.8 and 27.8ЊC, respectively. The mean relative humidity was 86 and 56%, at 0900 and 1500 h, respectively. There was a total of 79.8 mm of rain that fell on 13 separate days.
The TaqMan real-time RT-PCR detected JE viral RNA from a single infected mosquito in at least one pool for all pool sizes Յ5,000 mosquitoes (Table 1) . Most (30/32 tested) of the mosquito heads were positive for JE; pools containing mosquitoes with negative heads were excluded from the data. JE viral RNA was detected in almost all (92%) pools of 200 mosquitoes, but the number of virus-positive pools that were detected decreased as pool size increased. Interestingly, Þeld storage time had only a minimal effect, with overall detection rates of 70, 75, and 70% for mosquito pools held for 0, 7, and 14 d, respectively. Cycling threshold scores (CT), with a positive threshold of Ͻ40, increased as pool size increased. For pool sizes of 200 and 5,000, there was a trend for the CT score to increase as storage time increased, although CT scores were relatively unchanged for a pool size of 1,000. In addition, with the exception of the positive controls, all pools included in the Þeld trial spent an extra 2Ð3 d in transit at room temperature.
TaqMan real-time RT-PCR system detected JE viral RNA in a single mosquito contained within collections of Յ1,000 mosquitoes stored within the MM trap for up to 14 d under Þeld conditions. We suggest that a pool size of 500 would probably represent a reasonable compromise between detectability and labor. The combination of the MM trap to collect mosquitoes over a 2-wk period and the TaqMan real-time RT-PCR to detect viral RNA potentially could have application as a JE virus surveillance system in remote areas of Cape York and the Torres Strait. For example, during March 2002 on Badu Island, the TaqMan real-time RT-PCR system detected JE viral RNA in three pools of 1,000 mosquitoes collected weekly by a MM trap set adjacent to a sentinel pig herd that had concurrently seroconverted to JE virus (S. Ritchie, J. Lee, A. Pyke, unpublished data).
A mosquito-based surveillance system is preferable to the sentinel pig system currently used in northern Australia for the detection of JE virus activity. The mosquito-based system does not rely on live animals, and therefore, the inherent costs associated with their establishment and maintenance. This system does not increase the risk of virus transmission to nearby residents, as does the sentinel pigs, which are the major amplifying hosts of the virus. The risk of injury, and subsequent liability, to personnel is less than in an animal system, which requires regular handling and bleeding of live animals. Finally, the system is easy to establish, requires minimal maintenance, and weekly mosquito collections can be sent for testing by regular post with no signiÞcant loss in detection efÞcacy. Furthermore, a mosquito trapÐ based system also could have application for the surveillance of other arboviruses, such as Murray Valley encephalitis and WN viruses.
The mosquito-based surveillance system does have limitations. The MM Pro is expensive (approximately AUS$4,000) and would be susceptible to vandalism, requiring expensive security, such as a steel cage. Pressurized propane tanks cannot be shipped in a passenger plane, limiting rapid deployment of the traps in remote and inaccessible areas. The TaqMan real-time RT-PCR system also is expensive and is not readily available in many laboratories. In addition, any RT-PCRÐ based system detects only the viruses that the primers are designed to detect and thus may not identify outbreaks of unexpected or novel viruses (Turell et al. 2002) . Finally, the replacement of the current sentinel pig system by a mosquito trap system could result in cost shifting across organizations, from an AQIS-managed animal surveillance program to a state health departmentÐrun laboratory system. Negotiations of responsibilities and resourcing would have to be undertaken between the agencies involved.
Optimization of the MM trapping system to reduce the number of mosquitoes collected and processed would enhance the system. For instance, attractants that selectively increase the collections of important vectors, such as C. annulirostris, while reducing numbers of inefÞcient vectors, such as Aedes spp. and Ochlerotatus spp. (van den Hurk et al. 2003) , would increase efÞciency and/or efÞcacy. The addition of a computerized timer, which limits the release of propane to crepuscular periods when mosquitoes are most active, could increase the period of time that a MM trap could run on a single tank of propane. This system also could be extended to traps that run on pressurised CO 2 . An operational trial, comparing the mosquito-based system to the current sentinel pig system, will now be conducted, with an emphasis on comparing the sensitivity, timeliness, and overall cost of the two systems. 
